Abstract | More than one-fifth of the world's population live in extreme poverty, where a lack of safe water and adequate sanitation enables high rates of enteric infections and diarrhoea to continue unabated. Although oral rehydration therapy has greatly reduced diarrhoea-associated mortality, enteric infections still persist, disrupting intestinal absorptive and barrier functions and resulting in up to 43% of stunted growth, affecting one-fifth of children worldwide and one-third of children in developing countries. Diarrhoea in children from impoverished areas during their first 2 years might cause, on average, an 8 cm growth shortfall and 10 IQ point decrement by the time they are 7-9 years old. A child's height at their second birthday is therefore the best predictor of cognitive development or 'human capital'. To this 'double burden' of diarrhoea and malnutrition, data now suggest that children with stunted growth and repeated gut infections are also at increased risk of developing obesity and its associated comorbidities, resulting in a 'triple burden' of the impoverished gut. Here, we Review the growing evidence for this triple burden and potential mechanisms and interventions that must be understood and applied to prevent the loss of human potential and unaffordable societal costs caused by these vicious cycles of poverty.
Introduction
The fact that children who live in poverty have disproportionately high levels of hunger and disease is an unaccept able reality. The World Bank estimates that 1.3 billion people (>20% of the world's population) live in extreme poverty, most of whom are women and children who survive on less than US$1.25 per day. 1, 2 The gut, as the single largest interface of humans with their external environ ment, is unique among organ systems in its role in, and responses to, the challenges of diseases caused by poverty, undernutrition and their combinations. Highlighting this importance, the application of basic discoveries in intestinal sodium-glucose cotransport to oral rehydration therapy (ORT) has prevented millions of deaths from diarrhoea in the past four decades. However, the persistence of poor sanitation and crowded living conditions in developing countries continues to contribute to high rates of enteric infections, particularly among young children. 3 When enteric infections lead to overt diarrhoea, they can cause a high mortality rate. Indeed, this rate exceeded 13.6 per 1,000 children <5 years (>23 per 1,000 children <1 year of age) in studies reviewed from 1955 to 1979, although it has improved to <5 per 1,000 children <5 years (<8 per 1,000 <1 year of age) since 1990, largely as a result of ORT. 3 However, high morbidity rates of diarrhoeal illnesses continue unabated, 3 and children living in developing areas continue to experience ongoing enteric infections, which contribute to long-term effects of stunted growth and impaired cognitive development. This interaction between infections and malnutrition has been recognized as a vicious cycle since classic work conducted by Scrimshaw et al. 4 and Mata 5 during the 1960s and 1970s. These studies showed that repeated diarrhoeal illnesses as well as other common childhood infections progressively altered the normal growth trajectories of children. Ultimately, poor growth and impaired cognitive development have been linked to societal effects on both productivity and 'human capital'-a term used by Victora et al. 6 to reflect long-term morbidity from impaired cognition and reduced productivity. Although the term 'double burden' has been applied to the two problems of malnutrition and obesity occurring in developing areas, we suggest that these problems are both related to early childhood enteric infections. Hence, we propose that the link between enteric infections and child growth and development is a double burden of enteric infections and malnutrition, and the potential link of both of these factors to obesity in later life is an interrelated 'triple burden' (Figure 1 ). 7 Mounting evidence now indicates that further links exist between enteric infections and poverty. Indeed, infections and stunting in early childhood might predispose to greater risk of obesity, type 2 diabetes, metabolic syndrome or cardio vascular disease (CVD) later in life, which are usually considered as major noncommunicable diseases. Therefore, potential, as yet not well defined, 'thrift' genes, which have a role in promoting fat storage to protect against starvation and signalling pathways responsible for catch-up growth-a term used to describe accelerated child growth after resolution of
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infections or under nutrition providing that diarrhoea burdens do not continue- (Figure 2 ) might increase an individual's, and potentially their children's risk, of obesity and associated comorbidities. 8, 9 Here, we Review the epidemiology, intestinal pathophysiology and interventions for the double burden of infection and malnutrition, in which enteric infections and undernutrition follow each other in a vicious cycle to result in adverse acute and chronic health and developmental outcomes in children. We highlight emerging evidence for the triple burden of disease in survivors of the vicious enteric infection-malnutrition cycle.
The double burden
The concept of an impoverished gut provides compelling targets for potential interventions to break the infectionmalnutrition cycle. Evidence for enteropathy (such as blunted small intestinal villi with lamina propria inflammation), functional impairment with increased intestinal permeability leading to bacterial or lipopolysaccharide translocation from the gut to the blood, as well as chronic systemic immune activation, has arisen from clinical and animal model studies of undernutrition and enteric infections. Lindenbaum and colleagues [10] [11] [12] described malabsorption, weight loss and jejunitis in Peace Corps volunteers under going intestinal biopsies in the 1960s. This phenotype has come to be known as 'environmental enteropathy' or the 'impoverished gut' because of clear relationships between the setting itself (that is, tropical, developing areas with endemic enteric infections), the histological findings and the effects on gut function.
A review of work by Lunn and co-workers [13] [14] [15] [16] in Gambian children showed that mucosal enteropathy, as assessed by the lactulose:mannitol urinary excretion ratio-an indicator of intestinal permeability per available surface area-explained up to 43% of observed growth faltering. 15, 17 Furthermore, this increased intestinal permeability was a chronic condition, far exceeding the 7.3% of days over their first 2 years of life that these children spent with diarrhoea. Indeed, their lactulose:mannitol excretion ratios were associated with growth suppression on 76% of days during this period. In a follow-up study, total IgG antibody and anti-endotoxin core antibody (EndoCAb) were assessed as a marker of intestinal bacterial endotoxin translocation across a disrupted intestinal barrier. 18 The weight-for-age z-score (WAZ) and height-for-age z-score (HAZ) anthropometry, lactulose:mannitol ratio and plasma EndoCAb levels were all similar in Gambian and UK infants at 2 months of age.
18 By 15 months of age, however, the Gambian childrens' HAZ and WAZ had fallen from mean values of -0.6 to -1.8, and -0.4 to -2.4, respectively; their lactulose:mannitol ratio almost tripled (by contrast, this ratio declined in UK children); and mean IgG and EndoCAb concentrations were twofold and fivefold higher in Gambian children than UK children. Lactulose:mannitol ratios, total IgG and EndoCAb concentrations were all correlated with each other and were negatively correlated with linear and ponderal growth, accounting for 51-56% of linear growth shortfalls. growth impairment. [19] [20] [21] In addition, as infected mice showed heavy pathogen burdens and worsened intestinal damage and weight loss when malnourished (that is, milk deprived or protein deprived), these findings support causal relationships in the vicious cycle of enteric infection and malnutrition ( Figure 1 ). [19] [20] [21] Furthermore, weanling undernutrition itself perturbed small intestinal morphology and barrier function in a mouse model. 22 Thus, although overt diarrhoea could account for ~25% of stunted growth, 23 this vicious cycle of enteric infection and malnutrition often 'smoulders' as enteropathy for extended periods of time without overt diarrhoea in young children exposed to multiple enteric pathogens when adequate water and sanitation are lacking. Enteric infections in these children could therefore account for around half of all stunting, as well as the lasting effects on development.
This double burden stunts not only a child's growth, but also cognitive development and full human potential, as well as the economic productivity and progress of the community. Christopher Eppig 24 suggests that recognized improvements in national IQ seen with development of nations (the so-called Flynn effect) are a result of reductions in the burden of infectious diseases even when controlling for gross domestic product per capita and for malnutrition. Clearly a link exists between common, potentially preventable, infectious diseases (especially in early childhood), undernutrition and impaired cognitive development ( Figure 1 ). Whether early childhood enteric infections have a direct effect on cognitive development that is independent of the effects through malnutrition (most notably HAZ at 2 years, HAZ-2) remains unclear. In either case, the importance of interventions that interrupt the vicious diarrhoea-malnutrition cycle and its double burden remains paramount.
Vicious cycles of poverty
Malnutrition, which can occur following famines and food shortages, illustrates the potential relevance of infections of poverty as the impoverished gut becomes impaired in its absorptive capacity by multiple and repeated enteric infections from contaminated water and inadequate sanitation. Indeed, Eppig 24 suggests that infections themselves blunt human development. We suggest that the disrupted intestinal barrier and blunted absorptive function and common mucosal or even systemic inflammation that are seen with repeated enteric infections are pivotal points in the increasingly appreciated vicious cycles of poverty. In addition to mortality from acute enteric infections, early childhood infections are also linked with more than half of the 7.6 million deaths in children <5 years of age, caused in part by malnutrition and the life-long consequences of the moderate-severe stunting that occurs in 178 million children worldwide (20% of children worldwide; 32% of children in developing countries) [25] [26] [27] [28] [29] [30] [31] [32] (Box 1). From early childhood, diarrhoea accounts for substantial amounts of stunting observed worldwide. Indeed, a 20-year multicountry analysis revealed that five or more diarrhoeal infections in the first 2 years of life accounted for 25% of all stunting observed; moreover, every five diarrhoeal episodes increased stunting risk by 13%. 23 These data indicate that diarrhoea and stunting combine to dramatically increase the global mortality, often seen with diseases such as pneumonia and malaria, as well as hinder human capital. 6 The potential added burden of obesity, type 2 diabetes, and CVD (the triple burden) further compounds individual and societal costs (Figure 3 ).
Stunting and cognitive impairment Evidence for role of enteric infections
The effects of enteric infections on stunting and cognitive impairment have been extensively reviewed elsewhere.
6,7 Below, we summarize the key points of evidence in support of these relationships.
Stunting
Evidence for the effect of diarrhoea or enteric infections on growth failure stems from the classic studies in Guatemala, which showed that impoverished children often start off on a fairly good growth trajectory, similar to healthy children, only to be reduced after repeated diarrhoeal episodes and other infections (including respiratory as well as enteric infections) during the first 
Box 1 | The global burden of infections and malnutrition
■ Disability Adjusted Life Years incorporate both mortality (years of potential life lost) and morbidity (years lost to disability) ■ Global mortality of children <5 years is most commonly caused by respiratory diseases, diarrhoea, malaria and other illnesses, but over half of all deaths in young children are also associated with malnutrition ■ Although diarrhoea morbidity has declined over the past four decades, morbidity has not declined ■ The full, potential lifelong effect of enteric infections (that is, diarrhoea and stunting) on human development, productivity and chronic diseases is not adequately appreciated 2 years of life. 4, 5, 33, 34 This pattern has also been observed in multiple studies over several decades in populations throughout Asia, Africa and Latin America. 35, 36 Early childhood diarrhoea was shown to have a specific effect on subsequent growth impairment in prospective studies in Northeast Brazil, Peru, Bangladesh, Ginea-Bissau and Ghana. 23, [37] [38] [39] [40] [41] Indeed, it is the crucial catch-up growth that is linearly ablated by progressively heavier diarrhoeal burdens (Figure 2 ) and malnourished children are at greater risk of both increased diarrhoea frequency and duration than better nourished children. 5, 8, 37, [42] [43] [44] As noted above, findings from mouse models have further confirmed the vicious infection-malnutrition cycle with specific pathogens. 20, 21, 45 Stunting and cognition The cognitive impairment associated with stunting at 2 years of age is clear from studies in the Philippines, Brazil, Peru, Jamaica, Thailand, Bangladesh and Guatemala. [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] Not only does stunting delay schooling (with progressive delays of age at starting school by 1 year to ≥3 years in children with mild-severe stunting), but the cognitive (IQ) benefit of schooling is also reduced >25% by 11 years by stunting in early life (that is, HAZ-2 <2). 52 Furthermore, a follow-up study was conducted in 1,448 individuals 25-35 years after feeding studies were carried out in four villages in Guatemala. The original feeding studies were conducted from 1969 to 1977 when the children were 0-7 years ; children were randomly assigned to receive a calorie-protein supplement (91 kcal and 6.4 g protein per 100 ml) versus 33 kcal and no protein supplement in age-matched controls. Supplementation improved IQ (10%), wages (46%) and reading and schooling (8-20%) when compared with controls when assessed by Raven testing and follow-up visits, but only if the supplement was given in the first 2-3 years of life.
60,61
Cognition Whether enteric infections have an independent effect on cognitive development, through such mechanisms as chronic inflammation, 46, 53, 54, [62] [63] [64] [65] [66] in addition to their unambiguous indirect effects through growth impairment remains somewhat controversial. Fischer and colleagues have reviewed this evidence from careful studies done over time in Brazil, Philippines, Guatemala and Peru. 67 Similar to Eppig's suggestion that infections associate with impaired IQ independently of gross domestic product and education as well as malnutrition, 24 we find that associations of early childhood diarrhoea with later cognitive impairment might include both stuntingdependent as well as stunting-independent correlations (R. L. Guerrant, A. A. M. Lima and R. C. Pinkerton, personal communication). However, many of the cognitive outcomes in studies of early childhood illness reflect the multifactorial origin of developmental delay that includes such factors as birthweight, household stimulation, and maternal behaviour. More studies are needed to clarify potential direct, as well as indirect effects, and mechanisms by which early childhood enteric infections might impair cognitive development.
The triple burden
Chronic, noncommunicable diseases, such as CVD and type 2 diabetes, have increased in incidence in the developing and the developed world, resulting in a growing need for resources. 68, 69 An emerging line of research links poor growth in foetal and early life to an increased risk of adult chronic disease. This research-often referred to as the developmental origins of health and disease 69 had its beginnings in the findings of David Barker, who demonstrated that children born small for gestational age had increased risk of cardiovascular mortality, as well as multiple risk factors for CVD and type 2 diabetes. [71] [72] [73] [74] [75] [76] Nutrient deprivation is believed to have a role in these processes, as supported by data from the Dutch Hunger Winter of 1944-1945, when individuals, including pregnant women, had to survive on minimal food rations imposed by the government owing to food scarcity. 77 Children born from these pregnancies were more likely than those conceived after the famine to become obese and hypertensive as adults. 78 Although the mechanism behind these findings is under continued investigation, multiple researchers have hypothesized that nutrient deprivation in particular, as well as other potential insults including maternal stress 78 and inflammation, 79 during gestation result in epigenetic changes such as DNA methylation and histone acetylation, modifying expression of genes related to metabolism 80 and growth, particularly insulin growth factor-2 (IGF-2) 74 to prepare the individual for potential future caloric deficiencies. In contrast to the thrifty genotype, in which individuals inherit specific alleles contributing to early life metabolic advantage, the alteration in gene expression as a result of these epigenetic changes are hypothesized to produce a thrifty phenotype. 9 Adult chronic disease risk Stunting Research over the past 10 years has expanded the concept of the developmental origins of health and disease to investigate whether caloric deprivation, protein or micronutrient deficiencies, infection or other challenges in young children might affect long-term risk of future adult disease. Currently, the majority of published data on this topic relate to poor weight gain in early childhood and are centred on data from large retrospective The triple burden of enteric infections, impaired physical development (including low HAZ-2, or stunting and BMI-2) and cognitive development, and later life risk of obesity and its comorbidities are shown. Abbreviation: HAZ-2, height-for-age z-score at age 2 years.
evaluations of childhood weight patterns among individuals diagnosed in adulthood with prediabetes (glucose intolerance) or CVD. In these studies, individuals who developed these diseases had on average poor weight gain in early childhood (up to 2-3 years old), followed by rapid weight gain in later childhood starting around age 6 years. [81] [82] [83] These studies followed long-term associations of low BMI in early life, without assessment of the aetiology behind the poor weight gain. 83 One of the studies was performed in New Delhi, India, which, during the 1960s (when the study was conducted), had a high prevalence of enteric infections; whether enteric disease contributed to the children's poor weight gain, however, remains unclear. 82 Overall, these data provide inferential evidence of a causal link between poor early weight gain and later disease, although genetic factors could also have influenced both poor early childhood weight gain and later adult disease.
Further links between poor early weight gain and later disease are suggested by findings from cross-sectional studies, which demonstrate that stunting (as assessed by HAZ <2 for children or adults from regions with high rates of enteric infection) is associated with central obesity, high body fat, insulin resistance, hypertension, and low HDL cholesterol in adults. [84] [85] [86] [87] Changes related to stunting in blood pressure levels in both sexes 88 and body habitus in girls 89 were already noted in later childhood, whereas, among adults, most of the findings (with the exception of central obesity) 87 were only noted among women 84, 85 and not men, 86 suggesting that stunting-related alterations can be apparent early in life and might be affected by gender. The studies cited here were all performed in developing areas with a high prevalence of enteric infections, raising the potential that poor early weight gain was related to underlying enteropathy. Nevertheless, these studies are based on the evaluation of growth alone (and not enteric disease) and their cross-sectional nature has considerable drawbacks. There might have been confounding issues, such as differences in family environments, which influence both early growth and adult metabolic disease. Other studies performed during childhood-both using longitudinal and cross-sectional approaches-have not noted links between childhood stunting and later obesity 90, 91 and insulin resistance 92 during childhood, emphasizing that before manifestation many of these effects might require additional metabolic challenge such as that seen during puberty and with lifestyle changes in early adulthood.
Perhaps the most notable evidence for the link between childhood growth and adult disease risk comes from long-term studies in developing countries evaluating future risk factors among children who exhibited poor growth in childhood. One such study from New Delhi, India, found negative correlations between BMI at age 2 years and glucose intolerance (a strong risk factor for future diabetes) at age 30 years. 93 After adjustment for adult BMI, low BMI at age 2 years was strongly linked with insulin resistance, high triglyceride levels, hypertension, glucose intolerance and metabolic syndrome (a cluster of risk factors for CVD that frequently precede type 2 diabetes). 93 Similarly, following adjustment for adult BMI, a multicountry analysis of long-term cohorts from five developing countries in four continents revealed links between low BMI at 2 years and high levels of fasting glucose and blood pressure at a mean age of 23 years of follow-up. 6 Overall, the evidence of poor early weight gain among individuals who go on to develop CVD and glucose intolerance, associations between stunting and risk factors for CVD, and the association of low BMI at 2 years with CVD risk factors provides a basis for relationships between stunting or low BMI in childhood and risk of adult obesity and CVD (Figure 3) . However, the causative mechanisms explaining these relationships remain uncertain, although the potential exists that nutrient deprivation in early life is associated with epigenetic changes in a manner similar to what has been postulated to link low birth weight and future CVD risk. Although this nutrient deprivation contributing to poor childhood growth could theoretically be a result of food scarcity among affected children, the strong link between childhood enteric disease and stunting discussed above is also likely to contribute.
Early infections
Additional data move beyond evaluating the risk of adult chronic diseases based on poor gains in weight or height in childhood to instead investigate potential links of childhood disease with the increase in adult risk factors. Follow-up of children in the Nutrition Institute of Central America and Panama (INCAP) revealed links between early childhood diarrhoea and low HDL cholesterol levels, elevated fasting glucose levels, and abdominal obesity in adulthood (aged 25-37 years). 94, 95 Febrile illness in early childhood was also associated with an increased risk of low HDL cholesterol levels, high levels of tri glycerides and metabolic syndrome in adulthood at ages 25-42 years. 95 The association of diarrhoea frequency with adult CVD risk factors provides early evidence that childhood enteric infections have a direct link with adult CVD risk. As such, the previously mentioned links between adult CVD risk factors and low BMI at age 2 years could be related to upstream events such as childhood enteric disease (Figure 3 ). The association with febrile illnesses raises the possibility that inflammatory cytokines have a role in epigenetic changes, as has been demonstrated in the regulation of blood pressure. 79 Nevertheless, further research is clearly needed to solidify these associations and clarify potential mechanisms, including whether aetiologic roots, including calorie deprivation, deficiencies in protein or micronutrients, inflammation or some other aetiology, are related to long-term risk of CVD.
Controlling vicious cycles
Biomarkers of the impoverished gut Effective biomarkers of the impoverished gut are essential for our understanding of the causes, pathogenesis and patient responses to interventions. These bio markers need to be applicable in resource-limited community settings in which the impoverished gut develops, and where any effective interventions must ultimately apply. Simple noninvasive markers are therefore key, be they in faecal, urine, or blood specimens 96, 97 or in the medical histories or measurements of childrens' clinical course and growth. 98 Although several reports noted below and in Table 1 suggest that biomarkers hold promise, [13] [14] [15] [16] [17] [18] considerably further study is required to critically assess how specific infections and interventions alter selected biomarkers, in contrast to those altered by growth or particular nutrient deficiencies (Table 1) .
Established and experimental laboratory studies have shown the potential biomarkers in urine, stool, blood and potentially saliva to assess intestinal barrier function or damage, impaired absorptive function, intestinal or systemic inflammation or intestinal injury repair (Table 1) . Thus far, the best established biomarkers from human clinical studies are urine lactulose:mannitol ratios, 13, 99, 100 serum EndoCAb, faecal lactoferrin (if the child has not been breastfed), α-1-antitrypsin (A1AT) and Reg1. 18, 39, 66, [101] [102] [103] [104] In addition, plasma bacterial DNA (16S rRNA gene) levels and/or plasma soluble CD14 or fatty-acid binding protein, intestinal (I-FABP) levels 96, 97, 105 and urine metabonomics 106, 107 could provide alternative (or additional) markers for microbial translocation as a consequence of increased gut permeability. 96, 97 Other markers of inflammation or immune activation include faecal myeloperoxidase, neopterin, calprotectin or serum C-reactive protein or serum amyloid A protein; [108] [109] [110] [111] zonulin is being explored as a potential marker of inflammation. 112, 113 A lactulose breath test has also been used to assess small bowel bacterial overgrowth. 114, 115 Finally, plasma citrulline might be a quantitative biomarker of small bowel mass integrity that correlates with crypt depth and xylose absorption in HIV-associated villous atrophy in a tropical entero pathy population in Zambia. 116 An example of the clinical utility of these biomarkers is provided by the substantial improvement in urinary lactulose excretion after 10 days of alanyl-glutamine therapy in undernourished children whose weight recovery improved up to 4 months after therapy. 117 In addition, the simple assessment of any child experiencing a diarrhoeal illness extending beyond 7 or 14 days in duration (termed prolonged or persistent diarrhoea, respectively), who is at risk of heavy diarrhoeal burdens and growth shortfalls, thus warrants special attention. Provision of nutritional supplementation and potential targeted antimicrobial therapy should be considered, depending on the local predominant pathogens or specific test results, perhaps targeting protozoa or predominant bacterial pathogens, analogous to single dose albendazole therapy for the geohelminths. 64, 118 Zinc supplementation is currently recommended by the WHO for all episodes of childhood diarrhoea in developing countries. 119 Some clinicians recommend a trial of nitazoxanide for persistent diarrhoea. Yogurt-based or amino-acid-based diets could also accelerate recovery from persistent diarrhoea in children 120 Advances in interventions Discovery of biomarker signatures that capture complex interactions of host factors, including nutritional status, intestinal barrier function, microbiome and inflammation in coordination with specific enteropathogens, will lead to novel understanding of microbial pathogenesis. We and others have described the effects of undernutrition, alone or in combination with enteric infections, on growth intestinal mucosal architecture, barrier function and tight junctions in mouse models. [19] [20] [21] [22] 45, 121, 122 These models should be also examined for susceptibility to chronic diseases such as metabolic syndrome. Multiplex PCR assays [123] [124] [125] have shown that children acquire an increasing array of enteropathogens in the first years of life; however, the presence of these pathogens is not always clearly associated with overt diarrhoea or growth failure, emphasizing a fundamental question: when is a gut microorganism a gut pathogen? We propose that a systems biology approach incorporating information about host and microbial genetics, nutrition and growth, epithelial homeostasis, inflammation and metabolomics is needed to untangle this web and point the way to novel interventions.
Novel interventions

Prevention
Preventive and therapeutic interventions were the focus of a 2009 WHO Report "Diarrhoea: Why are children still dying and what can be done". 119 These interventions included several measures that had a clear evidence base: prompt and adequate ORT; promotion of breast feeding; use of rotavirus vaccine and potentially other vaccines such as cholera vaccine; zinc and other nutritional therapies; and improved water and sanitation. Long-term investments in sanitation and hygiene represent the largest challenges, along with strengthening nutrition programmes, education and primary care in low-income and middle-income settings around the world. Thus, we should consider the importance of water, sanitation, micronutrients and vaccines as preventing not just diarrhoea, but also malnutrition, its developmental consequences and perhaps obesity in later life.
Therapy
Stopgap measures include improving the availability and efficacy of ORT, defining the optimal dosing and timing of micronutrient supplementation (such as zinc and vitamin A) and repair nutrient supplementation (such as glutamine or alanylglutamine) that have been shown to improve intestinal barrier function or weight gain in undernourished children. 100, 117 Probiotics deserve further study, although data from developing countries are limited. Extensive reviews of 16 randomized controlled trials in the Cochrane database showed a mean reduction in duration of diarrhoea by 29 h, approximate 4-day reductions in persistent diarrhoea and 13-14% reductions in diarrhoea incidence, as well as variably improved growth and vaccine-induced antibody production with probiotic treatment. [126] [127] [128] In addition, an updated metaanalysis of 34 studies including >4,000 patients suggests nearly a 50% reduction in antibiotic-associated diarrhoea after probiotics. 129 Certain infections involve anorexia and malabsorption compounded with faecal protein loss and febrile caloric consumption making its effect on malnutrition even worse. Helicobacter pylori has been variably associated with increased risk of diarrhoea, including shigellosis, perhaps via hypochlorhydria, 130, 131 but this association has been debated. 132 Carefully targeted single-dose antimicrobial therapy (analogous to or including single-dose albendazole) might also warrant further study. 64, 118 Interventions to improve the efficacy of oral rotavirus and other enteric vaccines in low-income countries are needed. 133 These potential approaches include novel adjuvants or mucosal repair nutrients that might improve intestinal mucosal function and help to optimize vaccine immunogenicity and protection.
Conclusions
Multiple preventive and therapeutic measures, including improved water and sanitation, ORT and micronutrient delivery, existing and new vaccines, hygiene education and innovative therapies such as probiotics, prebiotics, key nutrients and carefully targeted single-dose antimicrobial therapy will be needed to break the vicious cycles of poverty. The continued lack of adequate water and sanitation can now be seen to have increasingly costly consequences for the health of an individual and for societal budgets: a triple burden that compounds the costs of poverty through enteric infections, malnutrition and noncommunicable diseases. These costs thus become increasingly unaffordable, not to mention unconscionable. Indeed, we predict that multiple synergistic approaches to interrupt the vicious cycles of enteric infections, malnutrition and noncommunicable diseases will be required to reduce the human and societal costs.
Review criteria
A search for original articles published between 1960 and 2012 and focusing on the effect of diarrhoea or enteric infections on long-term growth, cognition and chronic diseases was performed using the MEDLINE and PubMed databases. The search terms used were "diarrhoea", "enteric disease", "environmental enteropathy", "tropical enteropathy", "stunting", "wasting", "development", "cognitive function", "early childhood", "obesity", "metabolic syndrome" and "cardiovascular disease", alone and in combination. All articles identified were Englishlanguage, full-text papers. We also searched the reference lists of identified articles for further relevant papers.
